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Abstract:  
High-entropy alloys (HEAs) with high melting points and low thermal neutron cross-section are promising 
new cladding materials for generation III+ and IV power reactors. In this study a recently developed high 
throughput computational screening tool Alloy Search and Predict (ASAP) has been used to identify the most 
likely candidate single-phase HEAs with low thermal neutron cross-section, from over a million four-element 
equimolar combinations. The selected NbTiVZr HEA was further studied by density functional theory (DFT) 
for moduli and lattice parameter, and by CALPHAD to predict phase formation with temperature. HEAs of 
NbTiVZrx (x = 0.5, 1, 2) were produced experimentally, with Zr varied as the dominant cross-section modifier. 
Contrary to previous experimental work, these HEAs were demonstrated to constitute a single-phase HEA 
system; a result obtained using a faster cooling rate following annealing at 1200°C. However, the beta (BCC) 
matrix decomposed following aging at 700°C, into a combination of nano-scale beta, alpha (HCP) and C15 
Laves phases.  
Keywords: High-entropy alloys; Zirconium alloys; Modeling; Microstructure; Electron microscopy 
1. Introduction 
The concept of high-entropy alloys (HEAs)1 removes the constraints of an alloy consisting of 
one predominant element, which greatly opens the composition and phase space for materials design 
and discovery. Since the first publications that introduced this concept [1,2] there have been many 
examples of HEAs, some of which offer superior properties in comparison to conventional alloys [3–
6]. Conversely, there have been a large number of HEAs that exhibit complex and brittle 
phases/microstructures [7–10]. To avoid the latter, various methods and criteria have been developed 
to predict alloy stability, focusing on the formation of simple microstructures with majority solid-
solution phase fractions that are associated with more ductile and workable alloys [11–14]. 
Configurational entropy, the namesake of HEAs, has a considerable influence on the stability of the 
solid solution phase at high-temperature [15]. It follows that at lower temperatures (<1000 K), at 
equilibrium, phase separation or intermetallic formation may occur [16]. Although this can be 
beneficial in terms of precipitation hardening, phase transitions during intermediate temperature 
operation may induce changes in dimensions and embrittlement, which are often undesirable in a 
                                                 
1
Also known as multiprincipal component alloys and compositionally complex alloys. 
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structural material. It is therefore important to understand a HEA’s thermal stability in detail, in order 
to identify at which point these phenomena occur. 
Recently, there has been great interest in HEAs for nuclear applications due to their apparent 
resistance to radiation effects [17–19]. One such application is for a replacement of Zr alloys as an 
accident-tolerant fuel cladding in nuclear fission reactors. Zirconium alloys are currently the most 
widely used cladding material and favoured over steels due to their lower thermal neutron absorption 
cross-section, ~0.2 and ~2.0 barns, respectively [20]. However, during loss of coolant scenarios Zr 
alloys can undergo significant oxidation [21] and elevated temperatures will lead to the alpha to beta 
phase transformation inducing loss of mechanical strength resulting in ballooning of the cladding 
tubes and a further reduction in coolant flow [22]. 
By incorporating the microscopic thermal neutron absorption cross section (σA) into a HEA 
screening tool it is possible to identify new alloys that are well suited as in-core structural components 
for generation IV nuclear reactors, that are projected to have increased neutron flux, and operational 
temperature ranges of 500 – 1300 K [23,24]. 
The ASAP software [25] was used within the present study to find the best candidate equimolar 
single-phase HEA, optimised for single-phase thermodynamic stability and thermal neutron 
transparency. From over 1 million equimolar combinations, the Nb-Ti-V-Zr system was identified. 
From this system, three variant alloys NbTiVZr0.5, NbTiVZr and NbTiVZr2 (henceforth referred to as 
Zr0.5HEA, Zr1HEA and Zr2HEA) were further studied. The lower temperature behaviour was 
predicted using CALPHAD and compared to samples homogenised and aged at 1200 and 700°C, 
respectively, for 100 h. Density functional theory (DFT) simulations were performed on structures 
modelled from the homogenised structures; lattice parameters and elastic properties were calculated 
and also compared to experimentally obtained values from nano-indentation. 
As far as the authors are aware, experimental work on only the equimolar case has been published 
in previous literature [26,27], where combinations of the Cr-Nb-Ti-V-Zr system were assessed for 
potential low density structural materials. 
2. Materials and methods 
2.1 Theoretical 
2.1.1 Alloy search and predict 
The ability for elemental mixtures to form a single-phase solid-solution was assessed using a 
high-throughput method of alloy prediction implemented in the software Alloy Search and Predict 
(www.alloyasap.com) [28,29]. The measure of thermodynamic stability of the solid-solution phase is 
predicted by the Φ parameter as, 
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         (1) 
Where ΔGss is the Gibbs free energy of a solid-solution of the hypothetical mixture and |ΔGmax| 
is the maximum magnitude of the Gibbs free energy of a potential binary intermetallic compound that 
can form from the constituents, scaled to the number of elements in the solid-solution (calculated 
using Miedema’s method for formation enthalpies of concentrated solid solutions and intermetallic 
compounds [30,31], respectively, and including the Gibbs entropy). A commonly used parameter for 
assessing the deviation in atomic radii, δ [11,32,33], between the constituents is coupled with Φ 
whereby for a mixture that has both Φ ≥ 1 and δ ≤ 6.6, it is predicted that a single-phase HEA could 
form at the melting temperature. Four-component equiatomic mixtures were searched by assessing 
unique combinations made from 72 elements from the periodic table. 
2.1.2 Calculation of phase diagrams 
 The CALPHAD method was performed in ThermocalcTM using the HEA database 
“TCHEA2”. This database contains all binaries, as well as 135 fully and 308 tentatively assessed 
ternaries [34]. However, for the Nb-Ti-V-Zr system the respective ternaries were not assessed, instead 
being extrapolations from the assessed binaries. The equilibrium microstructures were predicted 
between 200 – 2500 K.  
2.1.3 Density functional theory 
A plane wave density functional theory package, VASP [35,36], was chosen as it will reproduce 
the intermetallic/metallic nature of the bonding to satisfactory accuracy. It has been successfully used 
in the past to model HEAs and other metallic systems [14,37–39]. A 0.02 Å-1 k-point density with a 
Methfessel-Paxton smearing method (0.125 eV) was used. The projector augmented wave (PAW) 
method with the exchange correlation functional described by the generalised gradient approximation 
(GGA) as developed by Perdew-Burke-Ernzerhof (PBE) [40] was used. Spin-polarization effects 
were also considered; no magnetisation was observed in any systems examined. The semi-core p 
electrons were treated as valence electrons for Nb, Ti and V and semi-core s electrons for Zr. A cut-
off energy of 350 eV and the electronic and geometric convergence criterion were 10-7 eV and 10-
6 eV, respectively, for constant pressure calculations. 
Supercells of body-centred-cubic (BCC) structure consisting of 54 atoms were constructed and 
the atomic positions were assigned using the special quasi-random structure (SQS) method as 
implemented in the ATAT toolkit [41]. The average properties of five SQS supercells were taken to 
represent the bulk HEA for compositions Nb0.31Ti0.26V0.28Zr0.15, Nb0.26Ti0.24V0.24Zr0.26, 
Nb0.20Ti0.20V0.19Zr0.41 (aligned to the experimental analysis of the homogenised samples). This method 
has been used with much success in previous works [29,42–45]. CrystalMakerTM was used to simulate 
XRD patterns of the relaxed DFT models. 
F=
DGss
- DGmax
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The properties of each composition were assessed using the stress-strain method [46] 
implemented within VASP. The energy cutoff was increased to 600 eV to converge the stress tensor 
on fully relaxed constant volume structures. Six finite distortions were imposed to the lowest energy 
supercell of each composition, and each atom was displaced once by 0.015 Å in both the ±x, ±y and 
±z directions (totalling 648 calculations on each composition) to obtain the contributions to the elastic 
constants by the ionic relaxations. The polycrystalline elastic moduli: shear modulus (G), bulk 
modulus (B), Young’s modulus (E) and Poisson’s ratio (ν) were then calculated using the Hill’s 
approach with Voigt’s and Reuss’s approximations [47]. 
2.2 Experimental 
2.2.1 Arc melting and thermal treatments 
The set of three alloys were prepared by weighing the pure elements according to their target 
stoichiometries to a total of ~25 g. These pure metal mixtures were then placed in an Edmund Buhler 
Arc Melter, which consisted of a water-cooled copper crucible with a W electrode. The whole system 
was contained within a hermetically sealed steel cylinder with a 10-3 mTorr vacuum and Ar partial 
pressure of 800 mTorr. A maximum current of 250 A was applied to the samples, which were melted 
for 5 minutes. After the samples solidified, the resulting button of material was flipped and the 
procedure repeated. The button was flipped a total of 4 times. The as-cast buttons were sectioned into 
5-10×5×5 mm pieces for heat treatment and analysis. For heat-treatment, samples were wrapped in 
Mo foil of 0.1 mm thickness and encapsulated in a silica glass evacuated and backfilled with Ar gas. 
The as-cast samples were homogenised at 1200±10°C (1473±10 K) for 100 hrs and water quenched. 
Their densities were measured by the Archimedes method, comparing the submerged and un-
submerged weights in water at room temperature. These samples were subsequently sectioned and 
aged at 700±10°C (973±10 K) for 100 hrs. 
2.2.2 Scanning electron microscopy and energy dispersive x-ray spectroscopy 
The arc melted, homogenised and aged samples were analysed using scanning electron 
microscopy (SEM) with a JEOL JSM-6010LA operated at 20 kV accelerating voltage, equipped with 
an energy dispersive X-ray spectroscopy (EDS) detector, while a ZEISS AURIGA operated at 10 kV 
was used to obtain higher magnification backscattered electron (BSE) images (see Table 1).  
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Table 1. Energy dispersive x-ray spectroscopy measurements of the alloys by large area scans, average ± standard 
deviation. 
Alloy designation Nb (at. %) Ti (at. %) V (at. %) Zr (at. %) 
Zr0.5HEA 
nominal 28.6 28.6 28.6 14.2 
measured 32.4±2.6 26.6±0.2 27.4±0.8 13.7±1.8 
ZrHEA 
nominal 25.0 25.0 25.0 25.0 
measured 25.7±0.2 23.8±0.1 24.0±0.1 26.6±0.1 
Zr2HEA 
nominal 20.0 20.0 20.0 40.0 
measured 20.0±0.3 19.4±0.1 20.4±0.5 40.3±0.2 
2.2.3 X-ray diffraction  
A BRUKER D2 PHASER with Cu-kα X-ray source was used to collect reflections between 
angles 8-105o with step size of 0.03° 2θ on a rotating stage. Pattern fitting was applied within the 
X’Pert HighScore Plus framework to obtain peak positions. The lattice parameter of each phase was 
estimated using the Nelson-Riley method [48]. 
2.2.4 Transmission electron microscopy  
Transmission electron microscopy (TEM) samples were prepared from thin discs cut from a 
3mm cylinder, subsequently ground to 0.20-0.25 mm in thickness. Electropolishing was performed 
using a Struers TenuPol with a solution of 10% perchloric acid in methanol at -30°C and 20 V. 
Scanning TEM (STEM) and high-angle annular dark-field imaging (HAADF) were then performed 
on JEOL JEM-2100F operated at 200 kV, equipped with an Oxford Instruments energy dispersive X-
ray spectroscopy (EDS) detector. Elemental maps and point scan measurements were collected on 
the aged samples tilted to 15° using the Oxford Instruments AZtec software package, collected 
qualitative ‘TruMaps’ were 512×512 pixels with a dwell time of 5 ms/pixel, as well as quantified 
point scans using the Cliff-Lorimer method k-factors within Aztec. 
2.2.5 Indentation measurements 
Indentation hardness was obtained on a Zwick Roell Indentec 6030 LKV Vickers hardness tester 
using a diamond Vickers tip. All indents were made at 1 kg load for 10 s. Nanoindentation testing 
was performed on a Nanotest Platform 2 nanoindenter (MicroMaterials, UK). Nanoindentation was 
performed on all homogenised HEA samples and on reference samples of Zircaloy-4 (Zr-4) and 316 
L stainless steel (316 SS). Indentations were conducted on the polished faces of the samples, which 
were mounted in bakelite. Artefacts arising from the comparatively low-stiffness of the bakelite were 
eliminated by ensuring the specimen width was >1,000 times the indent depth, following calculations 
by Yan et al. [49]. The Berkovich tip’s area function was calibrated using fused silica, accounting for 
the frame compliance (0.328 nm/mN). Each indent consisted of a 30 s loading phase to a maximum 
load of 10 mN, a 30 s hold at maximum load, and a 30 s unload. Thermal drift was corrected for 
during the unload phase, using a 60 s hold at 10% of maximum load. Each sample measured with 10 
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indents, which were separated by at least 5 times their width. The Young’s modulus was calculated 
according to the Oliver-Pharr method [50]. 
3. Results and discussion 
3.1 Alloy search and predict (ASAP) 
As a first-order high throughput screening method, ‘alloy search and predict’ (ASAP) [25] was 
used to assess 1,028,790 four-element equimolar combinations from 72 elements of the periodic table. 
These combinations were ranked in order of smallest to largest microscopic thermal neutron 
absorption cross section, σA, calculated as the weighted sum of the pure elements [51]. Fig. 1 includes 
the 100,000 combinations with the lowest linear combination of microscopic thermal neutron 
absorption cross-section. Combinations that satisfy the two criteria Φ > 1 and δ ≤ 6.6 are predicted to 
form a single-phase disordered solid-solution phase at the melting temperature. The majority of these 
combinations exist outside these bounds due to the alloys that have the lowest σA being a mixture of 
metals and non-metals, e.g., C, Be, Bi, Mg, Pb, Si, P, Zr, Al and H (ranked from lowest to highest). 
 
Fig. 1. The single-phase solid-solution formability predicted from a thermodynamic assessment (y-axis) and variation in 
atomic radii (x-axis), where a single-phase solid-solution is predicted for Φ≥1 and δ≤6.6, of the 100,000 
equimolar four-element combinations that have the lowest microscopic thermal neutron absorption cross-
section. The top four most stable compositions are labelled i – iv and their constituent elements are stated. 
Corresponding dataset accessible at ref. [52]. 
Neglecting the combinations that consist of atomically unstable elements, NbTiVZr is the 
primary candidate alloy that possesses both a single-phase and high neutron transparency. Of the four 
elements within this system, Zr has the lowest σ (0.185 barns) followed by Nb (1.15 barns), V (5.08 
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barns) and Ti (6.09 barns). To assess the effect of variation of Zr (representing the most neutron 
transparent of the four elements) on the system, three stoichiometries were investigated with Zr 
contents of 0.5, 1 and 2 atomic ratio to the other elements. The information output by ASAP for these 
three stoichiometries can be seen in Table 2. It is predicted that the formation of a single-phase HEA 
is possible when the Zr content is varied from 0.5-2.0 atomic ratio. However, the δ parameter 
increases with increasing Zr content and is close to the threshold (6.60) of single-phase formability 
as suggested by Yang et al. [11]. 
Table 2. ASAP outputs: Φ (stability), δ (atomic radii deviation), σA (thermal neutron absorption cross-section), VEC 
(valence electron concentration), Hmax (binary with most unfavourable enthalpy of mixing), 𝐻𝑚𝑖𝑥
𝑝
 (enthalpy of mixing of likely 
precipitate), 𝐻𝑚𝑖𝑥
𝑠𝑠
 (enthalpy of mixing of solid-solution phase), Tp (precipitate temperature) and Tm (melting temperature), for 
the three alloys investigated within this study. 
The lower temperature behaviour predicted by ASAP is made by a comparison between 
formation energy of the complete solid-solution and the binary intermetallic phases of the system. 
Therefore, for systems without any obvious intermetallic phases, the precipitation temperature (Tp) is 
considered unreliable. However, the enthalpy of mixing of the hypothetical precipitate, 𝐻𝑚𝑖𝑥
𝑝
 
provides insight into the temperature behaviour of the system [14]. For the case of Zr0.5HEA, Zr1HEA 
and Zr2HEA, the Nb-Zr binary has the largest magnitude of 𝐻𝑚𝑖𝑥
𝑝
 between the possible binaries of 
the system, and is a positive value, suggesting that the unfavourable mixing between Nb and Zr and 
is reflected by the miscibility gap in its binary phase diagram [53]. 
Many single-phase HEAs are stabilised at elevated temperatures and may precipitate or phase 
separate when aged at lower temperatures (823 – 1473 K) [40–47]. The calculated enthalpies of 
mixing for the solid-solution phases, 𝐻𝑚𝑖𝑥
𝑠𝑠 , of Zr0.5HEA, Zr1HEA and Zr2HEA, are all positive and 
therefore require entropy to stabilise. The temperatures at which allotropic transformations from BCC 
to hexagonal close packed (HCP) occur, as observed in Zr and Ti [54], or phase separation, observed 
in Nb and Zr alloys [55], are important to consider for these systems and are examined using 
Computer Coupling of Phase Diagrams and Thermochemistry (CALPHAD) in the next section. 
3.2 Calculated equilibrium phases 
Predictions from CALPHAD (ThermocalcTM) are now presented and discussed. Although the 
ternaries that belong to this system are not assessed, the solid-solution enthalpies are extrapolated 
System Φ δ σA (barns) VEC Hmax(A-B) 
𝐻𝑚𝑖𝑥
𝑝
 
(kJ/mol) 
𝐻𝑚𝑖𝑥
𝑠𝑠  
(kJ/mol) 
Tp (K) Tm (K) 
Zr0.5HEA 2.22 5.7 3.55 4.57  Nb-Zr 5.19 2.41 1138 2261 
Zr1HEA 1.86 6.27 3.13 4.50  Nb-Zr 5.89 4.02 1370 2245 
Zr2HEA 2.01 6.55 2.54 4.40  Nb-Zr 4.72 5.61 1358 2221 
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from the binary systems and segregation phenomena are considered. As such, caution must be 
exercised when comparing these to experimental findings, as discussed later. Fig. 2 shows the 
predicted phases and their volume fractions, between temperatures 300 – 2500 K, for Zr0.5HEA, 
ZrHEA and Zr2HEA, under equilibrium conditions. In agreement with ASAP, a single-phase BCC 
region was predicted below the melting temperature for the three alloys, and which was stable across 
a wide temperature range. The boundary at which this single-phase separated into a dual phase 
microstructure was predicted to occur at 878 K, 1000 K and 1060 K, in order of increasing Zr content. 
At lower temperatures (<700 K) alpha phase was predicted, promoted by the allotropic 
transformations for Ti and Zr. Further, the V2Zr Laves phase is predicted to precipitate. However, at 
temperatures <800 K, due to sluggish kinetics, long ageing times may be required to reach 
equilibrium [56]. Conversely, when subjected to neutron irradiation the kinetics may be accelerated 
[57,58]. It is therefore necessary to investigate the intermediate temperature behaviour experimentally 
and assess the accuracy of the theoretical predictions. 
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Fig. 2. Predicted equilibrium phase diagram of (A) Zr0.5HEA, (B) Zr1HEA and (C) Zr2HEA for temperatures between 300 
– 2500 K. The structure of each respective phase is written within its enclosing line. 
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3.3 As-cast and homogenised microstructures 
The three NbTiVZrx (x = 0.5, 1, 2) HEAs were produced by arc melting, and heat treatments 
applied to explore whether they exist as single-phase BCC experimentally. The as-cast and 
homogenised samples exhibited XRD patterns with only BCC reflections, see Fig. 3. Density 
functional theory simulations were performed on BCC models of the three compositions. A 
comparison of the lattice parameters between as-cast, homogenised and simulation is made in  
 
Fig. 4. The simulated XRD patterns of the relaxed DFT models correspond well to the 
experimental results. An exact match is not expected due to the approximate nature of the exchange-
correlation functional [59]. Further, due to the periodic nature of the DFT calculations, superlattice 
ordering peaks are present. However, no such peaks were observable in the experimental patterns, 
suggesting that a disordered BCC solid-solution was achieved. The low intensity of the (202) and 
(310) reflections in both as-cast and homogenised samples was due to the long homogenisation time 
where excessive grain growth occurred resulting in a large grain size of >1 mm. A slight shift in peak 
positions to higher 2θ values was observed between the as-cast and homogenised structures likely 
due to the attainment of more homogenous elemental redistribution to a more complete mixing and 
relief from the residual macro stresses imposed during the arc melting and quench process. 
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Fig. 3. X-ray diffraction pattern of (A) Zr0.5HEA, (B) ZrHEA and (C) Zr2HEA in the as-cast (dashed grey), homogenized 
(solid black) and simulated (solid red) conditions. 
 
 
Fig. 4 provides a comparison of the lattice parameter obtained by various methods. All samples 
exhibit the same trend of increasing lattice parameter with Zr content (where pure Zr has the largest 
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atomic radii). The lattice parameter of the equimolar composition is replicated using the same level 
of theory as Tian et al. [60]. There is a ~6×10-3 nm difference between the experimentally measured 
lattice parameter of the homogenised equimolar composition compared to the measurement of 
Senkov et al. [26]. This difference is likely due to the differing homogenisation methods that led to 
different microstructure, i.e., hot isostatic pressing followed by cooling at 10 K/min, while in this 
study samples were water quenched. Furthermore, Senkov et al. showed extensive secondary phase 
formation, while this is not the case this study, as will be shown later in this paper. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Lattice parameter with varying Zr experimentally measured in the as-cast (black square) and homogenized (blue 
triangle), compared to calculated values from Vegard’s law (green line) and DFT (red diamond). 
Scanning electron microscopy in the as-cast condition using backscatter imaging revealed the 
alloys had a dendritic morphology (Fig. 5(A-C)) with dendrite coring and microsegregation. 
Composition measurements using EDS line scans showed the segregation of the highest melting 
temperature element, Nb (2720 K [61]), to the dendrites, and the lowest, Zr (2127 K [61]), to the 
interdendritic regions, with the Ti and V concentrations comparatively homogenous, see Fig. 5.  
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Fig. 5. EDS line scan measurements across the interdendritic regions for as-cast (A) Zr0.5HEA, (B) ZrHEA and (C) 
Zr2HEA showing the (i) BSE images and (ii) corresponding composition measurements of Nb (solid line), Ti 
(dashed line), V (dotted line), and Zr (dashed and dotted line). 
Homogenisation of the samples at 1200°C (1473 K), resulted in the formation of a single-phase 
solid-solution, see Fig. 6. The XRD patterns (Fig. 3) again indicated solely BCC reflections. 
However, in contrast to Fig. 5ii, line scan measurements revealed no composition variations. The 
single-phase state of the alloy at 1200°C is further evidenced by the extensive grain growth and lack 
of contrast under BSE and SE imaging (Fig. 6(A-C)), with no second-phase observed even at higher 
magnifications. This is in contrast to previous reports of the equiatomic NbTiVZr HEA [26,62]. The 
absence of these features in the current study is attributed to the rapid cooling rate employed 
(~100 K s-1) compared to the previous studies (~10 K min-1). To test this hypothesis, a sample of 
ZrHEA was furnace cooled after homogenisation and, indeed, micro-segregation was observed, see 
Ref. [63].  
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Fig. 6. EDS line scan measurements of the HEAs in the 1200°C homogenised condition (A) Zr0.5HEA, (B) ZrHEA and (C) 
Zr2HEA showing the (i) BSE images and (ii) corresponding composition measurements of Nb (solid line), Ti 
(dashed line), V (dotted line), and Zr (dashed and dotted line). 
In agreement with ASAP and CALPHAD, the three HEAs can indeed exist as single-phase BCC 
solid-solutions, devoid of microsegregation induced by casting. It is reasonable to conclude that the 
success of the homogenisation process is sensitive to the cooling-rate thereafter: diffusion kinetics − 
contentiously believed to be sluggish in HEAs [64,65] − are actually sufficiently fast for elements to 
segregate into secondary phases over short time periods [16,66,67]. 
3.4 Thermal ageing at 700°C 
Aging of the alloys was performed at 700°C (973 K) for 100 h to determine whether the BCC 
single-phase solid-solution is stable at intermediate temperature. Although this temperature is 
considerably higher than nominal light water reactor temperatures (350-400°C) these materials could 
conceivably be exposed to a temperature of this order in transient or gen. IV reactor environments.  
Here, it was found that the alloys experienced significant solute redistribution and phase 
transformations. Fig. 7 shows XRD patterns of the three aged alloys. In Zr0.5HEA reflections 
corresponding to two phases (HCP and BCC) were identified; while for Zr1HEA three phases (HCP, 
BCC and V2Zr Laves); and for Zr2HEA four phases (HCP, 2 BCCs and V2Zr laves) were identified.  
The peaks attributed to the C15 Fd-3m V2Zr Laves phase [68,69] were fitted with a lattice parameter 
a ~ 7.396 Å, for which not all reflections were present due to a combination of their structure factor 
and the sample’s texture. These multi-phase structures were in agreement with SEM BSE imaging, 
where multi-phase nano-scale microstructures were observed, see Fig. 8. 
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HAADF-STEM imaging revealed the multi-phase microstructures indicated by SEM-BSE in 
greater detail, see Fig. 9. A trend of coarser phases with increased Zr content was noted: Zr0.5HEA 
190 ± 50 nm; Zr1HEA 270 ± 90 nm; Zr2HEA 330 ± 120 nm, attributed to the trend of lower alloy 
melting temperature (Table 2) and so commensurately faster diffusion kinetics at 973 K. Composite 
images were produced by stacking individual elemental maps of Nb, Ti, V and Zr of the three aged 
samples. For all samples, the number of stable phases observed in HAADF and composite images 
agrees with the number identified by XRD. In Zr0.5HEA and Zr1HEA, the blue phase corresponds to 
enrichment with HCP-stabilising Ti and Zr and hence was attributed to the HCP phase, while the 
yellow phase enriched with BCC-stabilising V, was attributed to the BCC phase. In Zr1HEA and 
Zr2HEA, the composition of the pink phase (Table 3) led to its attribution as V2Zr laves phase, with 
off-stoichiometric solubility for Ti and Nb [68]. In Zr2HEA, the yellow phase and blue phase were 
attributed to two BCC phases due to their enrichment in BCC-stabilising V, while the purple phase 
was attributed to the HCP phase owing to enrichment in HCP-stabilising Ti and Zr.  
 
 
 
 
 
 
 
 
 
Fig. 7. X-ray diffraction patterns of thermally aged Zr0.5HEA, ZrHEA and Zr2HEA with peaks corresponding to HCP (red 
triangle), BCC_1 (blue square), BCC_2 (blue hollow square) and C15 laves phase (yellow circle) 
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Fig. 8. Scanning electron microscopy backscattered electron micrographs of (a) Zr0.5HEA, (b) Zr1HEA and (c) Zr2HEA 
after thermal ageing at 700oC for 100 h. 
Table 3. Stable phases observed in aged Zr0.5HEA, Zr1HEA and Zr2HEA 
Alloy 
Phase colour 
(composite 
image) 
Nb 
(at. %) 
Ti 
(at. %) 
V 
(at. %) 
Zr 
(at. %) 
Number 
of EDS 
points 
Attributed 
crystal 
structure 
Zr0.5HEA Blue 12.8±0.9 40.2±0.3 15.7±4 31.3±4.6 3 HCP 
 Yellow 17.9±0.5 37.6±0.3 37.6±1.4 7.0±1.9 4 BCC 
ZrHEA Blue 13.2±0.4 43.4±0.5 13.7±1.2 29.8±2 2 HCP 
 Yellow 17.5±0.9 43.1±0.1 27.4±2.7 12.0±3.5 2 BCC 
 Pink 11.0±0.2 9.7±0.1 59.9±0.5 19.4±0.3 4 V2Zr 
Zr2HEA Blue 11.6±0.2 18.2±2.2 46.6±2.6 23.6±0.6 2 BCC 
 Yellow 15.6 26.9 41.6 15.9 1 BCC 
 Pink 11.0±0.1 9.2±0.1 59.6±0.1 20.1±0.2 3 V2Zr 
 Purple 13.3±0.1 42.5±0.5 11.5±0.2 32.7±0.6 6 HCP 
 
In the CALPHAD prediction, neither HCP nor V2Zr Laves phases were present at this 
temperature but were predicted at lower temperatures (see Table 4). Experimentally, at 973 K HCP 
structures were observed in all three compositions and Laves phase in Zr1HEA and Zr2HEA. In their 
pure forms, Zr and Ti undergo allotropic transformations from BCC → HCP below 1135 K and 
1153 K, respectively, and in the V-Zr binary system V2Zr is thermodynamically stable below 1573 K. 
Whilst useful to give an indication of possible phases, the TCHEA2 database does not accurately 
capture the change of behaviour of these phenomena with alloying, largely owing to the lack of 
assessed ternaries. 
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Fig. 9. TEM analysis of aged (a) Zr0.5HEA, (b) Zr1HEA and (c) Zr2HEA with their respective (i) HAADF-STEM image 
(upper-left) and (ii) composite image (lower-left) obtained from stacking qualitative elemental maps of Zr (upper-middle), 
Ti (upper-right), V (lower-middle) and Nb (lower-right). 
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Table 4. Stable phase(s) at 973 K in CALPHAD prediction and identified XRD patterns 
Alloy CALPHAD prediction XRD patterns 
Zr0.5HEA BCC BCC + HCP 
ZrHEA 2 BCC BCC + HCP + V2Zr laves 
Zr2HEA 2 BCC 2 BCC + HCP + V2Zr laves 
 
3.5 Hardness and Young’s modulus 
To gain a preliminary assessment of the mechanical properties of the HEA samples, micro and 
nano-indentation was performed and compared to Zircaloy-4 and type 316 stainless steel (referred to 
as Zr-4 and 316 SS, respectively). Fig. 10 compares the micro-hardness values measured for the as-
cast, homogenised, aged HEA samples, 316 and Zr-4. The hardness of the HEA samples are more 
than double that of the two commercial alloys. The overall range in hardness values of the HEAs is 
from 3.05-3.65 GPa (311.2-372.6 HV), which is in agreement with past literature measurement of 
3.29 GPa for the NbTiVZr stoichiometry [27]. A trend of increasing hardness with Zr content is seen 
for the heat-treated conditions and there is only a small change in average hardness between the as-
cast and homogenised conditions (≤0.09 GPa), and aged conditions (≤0.26 GPa). The lack of 
significant strengthening following ageing, despite the development of multi-phase precipitates 
(Figure 9), suggests that any Orowan particle strengthening is negated by a loss of solid solution 
strengthening in the bcc matrix, as minimal grain growth occurred at 700°C. Fig. 10 also shows 
hardness data of the alloys measured by nano-indentation that are 4-11% larger than the values 
obtained by micro-hardness measurements, this slight increase is likely due to indentation size effect 
[70]. 
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Fig. 10. Microhardness values measured for Zr0.5HEA, ZrHEA and Zr2HEA (x-axis) for as-cast (red), homogenised (blue) 
and aged (yellow) condition with associated standard deviation in measurement. Combined range in hardness 
for measurements of 316 and Zr-4 are included as a grey horizontal region. 
 Table 5 presents elastic moduli (determined by DFT) of the HEAs in their homogenised 
condition, and those of BCC Fe and BCC Zr. These are compared to the Young’s moduli measured 
by nanoindentation on the homogenised HEA samples, 316 SS and Zr-4. Interestingly, the Young’s 
modulus for Zr2HEA is the lowest of the three HEAs using both modelling and experimental 
techniques, although the absolute magnitudes differ by 10-18 % between methods. When compared 
to past DFT studies of the equimolar HEA by Qui et al. and Liao et al., the Young’s and shear moduli 
calculated in the current study are slightly larger and bulk modulus slightly lower. This is likely 
caused by the different supercell sizes between the studies [71]. In the work by Tian et al. [72] the 
Young’s and shear moduli are significantly lower ~50% than calculated by the former two studies 
and current study. We attribute this to the underestimation of C44 within their study, see Table A.1 
(appendix). 
When comparing to the commercial alloys the Young’s moduli of the HEAs are approximately 
10-20% lower than that of Zr-4 and are approximately half that of 316 SS and CoCrFeMnNi (203 
GPa [73]) a popular face-centered cubic HEA. It should be noted that the nanoindentation 
measurements overestimate the moduli of the two conventional alloys compared to their materials 
datasheet (by 10 and 14% for 316 SS and Zr-4, respectively). Despite this overestimation and 
accounting for the standard deviation in measurement, the equimolar sample produced in the current 
study has a slightly larger Young’s modulus than the sample studied by Senkov et al. (80 GPa) [27], 
which is likely due to the slight deviations from nominal composition and aforementioned differences 
in homogenisation techniques. 
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Table 5. Density functional theory calculated elastic moduli: Bulk (B), shear (G) and Young’s (E), and Poisson’s ratio (ν) 
for the homogenised HEA compositions. Young’s modulus obtained by nanoindentation (Enano) included for 
comparison. 
Composition B (GPa) G (GPa) E (GPa) Enano (GPa)* ν B/G 
Zr0.5HEA 135.3 30.7 85.8 101±2 0.39 4.4 
ZrHEA 
Current study 117.6 41.9 112.4 102±3 0.34 2.8 
Literature 
a 129.5 20.1 57.3 - 0.43 6.4 
b 132.0 34.4 95.1 - 0.38 3.8 
c 133.1 30.7 85.6 - 0.38 4.5 
Zr2HEA 113.4 29.4 81.1 92±2 0.38 3.9 
ZrBCC 89.0 35.9 94.9 113±8* 0.32 2.5 
Fe 181.0 79.5 208.1 212±13* 0.31 2.3 
a relaxed SQS cells using VASP by Tian et al. [72] 
b relaxed SQS cells using VASP by Qui et al. [74] 
c relaxed structure using virtual crystal approximation in CASTEP by Liao et al. [75] 
*Enano measurement was performed on an alloy and DFT calculation was performed on pure element. 
Overall, the mechanical property measurements reported here show a clear strength advantage 
of Zr-based HEAs as compared to commercial Zr-4. Indeed, pioneering work by Senkov et al. has 
shown that a multiphase equimolar sample of NbTiVZr can achieve compressive strengths of 
≤ 1000 MPa and 50% compression without fracture at 873 K [27]. However, it should be noted that 
a non-negligible ductile-to-brittle transition temperature may exist for these HEAs due to their BCC 
structure [76]. In what follows, this mechanical strength information is collated with neutron 
absorption cross-section data to develop a figure-of-merit that accounts for both properties, which 
will allow a comparison of alloys’ performance. 
3.6 Technological relevance 
A theoretical prediction of the macroscopic thermal neutron absorption cross-section, ΣA, of an 
alloy can be made by taking the weighted average of the microscopic thermal neutron absorption 
cross-section, σA, measured from neutron experiments on the pure metals [51], of the elements that 
constitute the alloy and then multiply by the molar material density, [77]: 
𝛴𝐴 =
𝜌𝑁𝑎
𝑀
∑ (𝑛𝑖𝜎𝐴𝑖)𝑖          (2) 
where  is the physical density, Na is Avogadro’s number, M the mass of one mole of alloy atoms, 
ni the atomic fraction of element i, and Ai the neutron absorption cross-section for the case of 
thermal neutrons.  
The pristine densities of Zr0.5HEA, Zr1HEA and Zr2HEA are calculated to be 6.70, 6.60 and 
6.53 g/cm3, respectively, by DFT. The respective experimentally measured densities of the 
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homogenised samples were 6.32, 6.35, 6.39 g/cm3. The density of the equimolar sample measured by 
Senkov et al. [26] (6.52 g/cm3) was much closer to the theoretical result, likely due to the use of the 
hot isostatic press method of homogenisation.  
A prediction of ΣA is made using the densities measured experimentally within the current study, 
see Table 6. It is clear that Zr-4 has a lower ΣA than the HEAs and 316 SS by two orders of magnitude. 
When considering the hardness and moduli of each material in combination with ΣA, i.e. H/ ΣA and E/ 
ΣA, these figures of merit (FOM) rank the HEAs as a more superior candidate than 316 SS for the 
former and worse in the latter. 
Table 6. Comparison of microscopic thermal neutron absorption cross section (σA), density (ρ) and macroscopic thermal 
neutron absorption cross section (ΣA). 
Alloy σ (barns) [51] ρ (g/cm3) ΣA (m-1) 
FOM 
(
𝑯
𝜮×𝟏𝟎𝟎
) 
FOM 
(
𝑬
𝜮×𝟏𝟎𝟎
) 
Zr0.5HEA 3.55 6.32 2.00×10-3 18 582 
ZrHEA 3.13 6.35 1.69×10-3 22 638 
Zr2HEA 2.54 6.39 1.31×10-3 29 788 
Zr-4 0.20 6.56 [78]  8.78×10-5 2279 125358 
316 SS 3.04 ~7.90 [61] 2.59×10-3 8 811 
Steels are used as cladding materials in fast reactors [79] and are candidate cladding materials 
for advanced sodium/lead cooled fast reactors and supercritical water reactors [80]. Considering ΣA 
alone, it is unlikely that a HEA of the Nb-Ti-V-Zr system will be favoured as a cladding material in 
a thermal fission reactor over Zr alloys. However, it is plausible that they could be used in fast reactor 
environments for load bearing or coating applications. This is especially true if they offer some 
advantage over steels or other accident tolerant fuel candidates, e.g. higher strengths, increased 
radiation tolerance, high temperature stability/mechanical properties, or can be alloyed to achieve 
better corrosion and oxidation resistance [81]. 
In terms of temperature stability, the use of these HEAs in the homogenised condition is 
predicted to be unfeasible for medium temperature applications (600-1000 K). This is because the 
single-phase region is small and the kinetics are sufficient for equilibrium to be achieved in short 
timeframes and the HEAs will adopt a multiphase microstructure below ~1000 K. Conversely, these 
alloys may be suitable for lower temperature applications (room temperature-600 K) with a 
multiphase microstructure as hardness measurements do not predict a significant change in material 
behaviour relative to the homogenised condition.  
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4. Conclusions 
(1) A new high throughput screening tool, Alloy Search and Predict (ASAP), has been used to 
predict that the Nb-Ti-V-Zr system would have the highest single phase stability of the 
100,000 lowest thermal neutron cross-section of the four-element systems, constituted of 
atomically stable elements. The NbTiVZrx series, where x = 0.5 (Zr0.5HEA), 1 (Zr1HEA), and 
2 (Zr2HEA), were then investigated using a range of experimental and theoretical techniques. 
Thermocalc (using the TCHEA2 database) predicted the single-phase region for Zr0.5HEA, 
Zr1HEA and Zr2HEA, to be stable from the solidus to ~1000 K; below which, spinodal 
decomposition into Nb/Zr rich/poor solid-solution phases, allotropic transformations of Ti 
and Zr from BCC to HCP, and precipitation of the V2Zr C15 Laves phase will occur. 
(2) Experimental evaluation of the NbTiVZrx (x = 0.5, 1, 2) type HEAs confirmed that this is a 
single-phase HEA system. Homogenisation at 1200°C for 100 h resulted in a single-phase 
BCC microstructure without the compositional microsegregation present in as-cast or slow 
cooled samples. The lattice parameters of the as-cast, homogenised and DFT simulated 
models were all in relative agreement and followed the trend predicted by Vegard’s law. It 
was found that fast cooling was needed to prevent elemental redistribution, indicating that 
the single-phase field does not extend to room temperature. 
(3) Aging of the alloys to simulate potential reactor temperatures, identified that at 700°C all 
three ZrHEA decompose into multiple phases. X-ray diffraction and STEM-EDX indicated 
that BCC miscibility gaps, allotropic transformation from BCC to HCP and precipitation of 
V2Zr C15 Laves phase, which can each be related back to the binary systems, Zr-Nb, Zr-Ti 
and Zr-V, respectively. There was no clear increase in hardness, despite an anticipated 
strengthening effect from the formation of multiple nano-scale phases on aging. 
(4) Industrial application of this alloy system remains a possibility owing to the significant 
hardness and small melting point benefit over commercially available zirconium alloys. 
These offer the prospects of increased high temperature strength and reduced creep rates. 
Whilst the neutron cross-sections of the alloys are markedly higher than Zr, the combination 
of properties required for future advanced nuclear reactors operating at increased 
temperatures may be advantageous. Further work will be needed to evaluate the capability of 
these new multi-phase alloys and the optimum property trade-off. 
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Appendix 
Table A.1. The elastic constants (C11, C12 and C44) as calculated by DFT in the current study for Zr0.5HEA, Zr1HEA, 
Zr2HEA, FeBCC and ZrBCC. Past results from DFT calculations for Zr1HEA are compared. 
Alloy 
Z0.5HEA 
(GPa) 
Zr1HEA (GPa) 
Zr2HEA 
(GPa) 
FeBCC 
(GPa) 
ZrBCC 
(GPa) 
Current 
study 
a b c 
C11 181.4 177.5 159.8 174.4 149.7 147.2 270.2 153.2 
C12 112.0 87.6 114.3 109.4 124.8 96.6 136.6 57.0 
C44 28.4 40.0 18.5 31.9 55.4 32.5 89.8 29.5 
a relaxed SQS cells using VASP by Tian et al. [72] 
b relaxed SQS cells using VASP by Qui et al. [74] 
c relaxed structure using virtual crystal approximation in CASTEP by Liao et al. [75] 
